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Abstract 
This article adopted the method of numerical simulation to study heat release rate change rule and oxygen concentration variation when 
different opening size was changed within a small space, where there was a constant source of power in the space and an opening at the 
top level in the corner. Meanwhile, the constitutive factor affecting the burning mechanism of fire was further explored. As simulation 
results showed, (1) with the increase of opening size and larger amplitude of heat release rate vibration, In the later periods of the 
experiment, the frequency of heat release rate vibration is basically consistent with the frequency oxygen concentration changing at the 
nearby fire source. (2) With the increase of opening size, the amplitude of oxygen concentration changing under the bottom of opening is 
smaller, replenishment of outside cold air at larger opening is more stable, and oxygen quality replenished in the experimental box is 
increased. Meantime, oxygen quality replenished in the experimental box and participating in oxygen quality is increased obviously with 
the opening increase, opening size impacts the fire source combustion in the later period of the experiment directly. The oxygen 
concentration would decrease after a certain period of time in the fire development, unstable combustion " Ghosting flame " and " 
Oscillating fire "would happen due to the lack of oxygen when oxygen concentration near the combustion source is lower than 0.14. 
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Nomenclature 
mcc         Heat loss rate of unit mass, get 26.6 m-2s-1; 
eA           Oil-bath area, get 300 mm of diameter;  
fH'       Heat of combustion for heptanes, get 44.6 MJ/kg 
HRR       Heat release rate set by FDS, get 600 kw/m2 
fA            Burning area set by FDS 
 
1. Preface 
1.1. Introduction 
In recent years, with the constant progress of science and technology, dwelling and traffic conditions have been improved 
 
 
* Corresponding author. Tel.: +85-206-8522, fax: +86-206-8521; 
E-mail address: sterops@foxmail.com 
 2016 The Authors. Published by Elsevier Ltd. This is an open acce s article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPFFPE 2015
2   An-qi Chen et al. /  Procedia Engineering  135 ( 2016 )  1 – 11 
greatly, from bungalows to tall buildings, underground order water surfaces. The change of dwelling locations predicts that 
types of building fire also are expanding constantly. Moreover, the research range of fire also will be more extensive.  
It goes without saying that building fire does harms to humans. These harms are not the same in building space with 
different opening conditions, different fire types, different fuel combustion status, generative characteristics and motion 
laws of fire smokes. 
1.2. Research Background  
With the rapid development of emerging economies, international shipping is flourishing. Meanwhile, out of maintaining 
actual demands of national safe maritime transport, the recent military shipping industry also has received rapid 
development. The trip or dwelling of people has the tendency to develop towards the water face, resulting in a newborn 
derivative fire type with it.  
Ship fire is the fire with restricted space. Its building structure generally is a different building type. It has the following 
characteristics of flat and top opening. This has different influences on fire by comparing with the vertical opening of 
common buildings [1]. For the ship fire, it has particularity in burning types, building construction, and atmospheric 
conditions by comparing with the fire of common above-ground buildings.  
(a)     (b)  
Fig. 1. (a) Vertical Opening Engine room (b) Top Opening Engine room.  
Ship fire has the characteristics of relatively narrow space and top opening. Atmospheric conditions and combustible 
property will play an important on the fire development. For fire with restricted space, such as ship’s space, the fire 
development process is impacted by atmospheric conditions. Differing from opening space fire, it is impacted by fire. But 
for the restrict engine room with relatively narrow space, it determines that whether there are sufficient oxygen to flow into 
an engine room, so as to satisfy opening fuel burning. Moreover, fire development process is also controlled by the opening 
situation. 
 
Fig. 2. The Bottom Engine Room under the Hull Connecting with Other Engine Rooms through Top Opening 
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1.3. Research Status 
1.3.1 Research Status at Home and Abroad 
It can be observed from existing literatures that foreign countries started to study fire development laws of an engine 
room with top opening shipping, since from the late 1980s.  
In 2001, Tan [2] carried out further study on the previous saline simulation experiment. It can be found that when there is 
density difference but no pressure different at both sides of opening. The opening is bidirectional flow. When the bottom 
pressure under the bottom of opening is increased gradually, it can be observed that the opening is changed from 
bidirectional flow to one-way flow. By conducting an experiment on fluid with different density difference, it draws a 
conclusion that opening fluid is translated into the single critical pressure differential from bidirectional critical pressure 
differential, which is increased with the increase of density difference.  
In 1999, Nikitin [3] thought that when oxygen mass concentration is inferior to 0.12-0.13 in the environment, it will 
appear a flame self-quenching phenomenon. In order to solve this problem, Quintiere [4] et al., came up with the concept of 
flame self-quenching critical oxygen concentration through theoretical analysis in 2004 and indicated that the flame self-
quenching critical oxygen concentration is reduced with the temperature rising. When adiabatic flame temperature is higher 
than 1300ć, combustion can continue to exhaust environmental oxygen.  
Another content involved in fire study refers to special flame phenomena, namely “Ghosting flame” and “Oscillating 
fire”, when there is seriously insufficient ventilation. “Ghosting flame” refers to a special combustion phenomenon that 
flame breaks away from the combustible surface and moves towards far from the combustible. “Oscillating fire” refers to 
the reciprocal combustion phenomenon that flame gradually shrinks in only covering parts of oil-bath surface from covering 
the entire oil-bath surface, but recovers to the entire oil-bath surface later. 
 
Fig.3. “Ghosting Flame” Appearing in Seriously Insufficient Ventilation [5]   
 
Fig.4. “Oscillating fire” Appearing in Seriously Insufficient Ventilation  
In 2012, Yuan Man [6] et al., adopted a method of numerical simulation to study the flow forms at the opening with 
different opening sizes, when power of fire sources is constant and horizontal opening locates in the ceiling corner. The 
simulation results show that with the increase of opening, pressure different at both sides of opening is reduced gradually 
until it shocks in zero. The pressure reduction at the opening makes the gas flow form at the horizontal opening translate 
into the oscillating bidirectional flow controlled by pressure and buoyancy comprehensively from the pressure-oriented 
unidirectional flow. Moreover, because horizontal opening locates in the ceiling corner, hot smokes flow outwards at the 
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side of opening keeping away from fire sources. In addition, temperature distribution at horizontal opening is uneven, and it 
is impacted by the direction of local gas flow. 
1.4 Research Objectives and Significance 
This paper pays attention to flow characters at top opening under different opening sizes, tries to reveal the dynamics 
mechanism that opening sizes impact the burning mechanism of fire, enriches research contents of fire dynamics in top 
opening restricted space and expands the research range of fire dynamics in current top opening cavity. 
1.5 Research Contents in the Paper 
Main research contents in the paper study change rules of heat release rate, and change rules of oxygen concentration in 
restricted space cavity fire by using a method of numerical simulation. This paper will further study the gas flow discipline 
and related combustion mechanism at the top horizontal opening on the basis of previous researches.  
The main research contents in the paper mainly contain the following aspects:  
(1) Influences of the top horizontal opening size on heat release rate 
(2) Influences of the top horizontal opening size on oxygen concentration 
2. Numerical Simulation on the Experimental Box with the Top Opening  
Numerical simulation is also called as the computer simulation. It mainly utilizes an electronic computer to design 
operations and solves some actual engineering problem through calculation and image display, especially for some research 
problems which have large difficulty, are hard to realize in actual life or have higher costs. The common software includes 
FDS and CFAST, and this paper plans to apply FDS to conduct simulation study considering various factors. 
2.1. The Establishment of the FDS Model 
2.1.1 The Establishment of the Experimental Box with the Top Opening 
The simulation in the paper will establish a 3mh 3mh2m experimental box with the top opening. The bottom applies a 
boundary wall, which is default to FDS software. Four sides and the top wall are set up as solid adiabatic walls. The wall 
thickness is about 0.10m. The top corner of the experimental box is equipped with the square horizontal opening. The 
bottom is centered and sets up fire sources. Except for the experimental box with the top horizontal opening, other places 
are adiabatic with the outside world.  
The schematic diagram of specific parameters for the experimental box model is shown in Figure 5. 
(a)     (b)  
Fig. 5. The Design Schematic Diagram of the FDS Experimental Enclosure Model (a) Plane Graph (b) Cubic Chart 
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2.1.2 Distribution of Measuring Points and Sections 
Ten temperature measuring points are set up in the experimental box and are arranged at the midpoint between the fire 
source and inside wall at the interval of 0.22m from the bottom to up, so as to use for measuring mean temperature in the 
experimental box. Two pressure measuring points are arranged at the up-down position of 0.1m from the top horizontal 
opening center, so as to use for measuring internal and external pressure and their pressure difference. In addition, seven 
measuring points of oxygen concentration are set up. Six of them are arranged on the bottom of the top horizontal opening 
center at the interval of 0.3m, so as to measure oxygen concentration within a certain area on the bottom of the measuring 
opening. At last, the last one is arranged closing to the fire source, so as to use for measuring oxygen concentration closing 
to the fire source. The distribution schematic diagram of measuring points is shown in Figure 6. 
One temperature section is placed and cuts the top opening center by being vertical to X axis, as shown in Figure 7. 
(a)     (b)  
Ƶ˖Temperature Measuring Points ƽ˖Pressure Measuring Points ƹ˖Measuring Points of Oxygen Concentration 
Fig. 6. Arrangement Schematic Diagram of Measuring Points (a) Plane Graph (b) Cubic Chart 
(a)     (b)  
Fig. 7. Arrangement Schematic Diagram of the Temperature Section (a) Plane Graph (b) Cubic Chart 
2.1.4 Setting of the Fire Source 
In order to make simulation results pursuant, the paper adopts heptane as the fuel in accordance with previous 
experimental experience [1]. The physical and chemical parameters are shown in Table 1. The loss rate in unit area is shown 
in Table 2. 
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Table 1. Physical and Chemical Parameters of Heptane [1] 
Items Parameters 
Molecular weight  100 g/mol 
Fuel/oxygen stoichiometric ratio 0.284 
Density 680 kg/m3˗0.68 g/mL 
Boiling point 98.5 ć 
Ideal equation C7H16 + 11O2 → 7CO2 + 8H2O - Q 
Heat of combustion 44.6 MJ/kg 
Table 2. Experimental Study Data [1] 
Oil-bath diameter Heat loss rate of m” unit mass(g m-2 s-1) Mean 
300mm 26.6 27.1 25.8 24.2 24.3 29.9 28.3 26.6 
 
f e fm H A HRR Accu' u  u  
Through the formula, it can calculate: =26.6×44.6×3.14×(0.3÷2)2÷600=0.14m2. In order to set up conveniently, the 
evaluation can be increased upward slightly and get the value of 0.16m2. 
Therefore, the oil-bath size in this paper is set up as 0.4m×0.4m. 
2.1.5 Other Boundary Conditions 
The surrounding of the experimental box should remain the regional range with certain space. Moreover, except that the 
bottom adopts the boundary wall defaulting to FDS, the rest of walls are set up as opening. Except for the experimental box 
with the top opening, the setting between wall and external computing areas is set up as heat insulation. Neglecting the 
influence of outside wind speed, the default speed is 0. The atmosphere is set up as 101.3Pa. The ambient temperature and 
indoor initial temperature defaults to 20ć. The schematic diagram is shown in Figure 8. 
 
Fig.8. The Schematic Diagram of Regional Range in the Surroundings of the Experimental Box 
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2.2. The Classification of Simulative Scenes 
The simulative scenes are shown in Table 3. This simulation selects the opening with three sizes, including 10cm* 10cm, 
30cmh30cm, 50cm*50cm. The fire source is heptanes oil-bath fire with the area of 0.4m*0.4m. There are a total of three 
simulative experiments. The position arranged by measuring points at the opening will conduct corresponding adjustment in 
line with the change of opening size. 
Table 3. The Classification of Simulative Scenes (Oil-bath size=0.4m×0.4m) 
Scene Top horizontal opening size 
A 10cm×10cm 
B 30cm×30cm 
C 50cm×50cm 
 
3. Analysis of Burning Mechanism in the Experimental Box  
3.1. Analysis of Heat Release Rate Changing Principle 
The fire source set by FDS in this experiment is 96kW. In the initial stage of the experiment, the heat release rate is rising 
rapidly within the shorter time. Afterwards, it decreases immediately and stabilizes around 96kW. It can be observed from 
the Figure 9 that heat release rate of the fire source in three scenes starts decreasing as closing to 180s, indicating that the 
original oxygen in the experimental box has been exhausted, but the opening is too late to replenish lots of oxygen 
supporting for combustion. The combustion phenomenon starts to slow down. Around 225s, the heat release rate curve in 
each scene starts rising with varying degrees and appears vibration with different amplitude.  
After 225s, the heat release rate in the Scene A though has vibration to some extent, it presents the decreasing tendency 
as a whole, and ultimately the fire source extinguishes rapidly. In the Scene B and Scene C, the heat release rate in the later 
period has a large degree of vibration, and it even exceeds the initial setting value of FDS. The vibration phenomenon of 
flame is shown in Figure 11.  
The influence of different top opening size is different on the heat release rate. The influence of the opening size on the 
heat release rate in the initial stage is not small. It mainly affects the heat release rate, when oxygen in the box in later period 
is insufficient. With the increase of the opening, the vibration amplitude of heat release rate is larger, and its frequency is 
basically consistent with the frequency of nearby oxygen concentration change. The oxygen concentration changing 
principle is shown in Figure 13. 
The simulation also concerns some phenomena of flame. It can be found that when heat release rate of each scene enters 
into the vibration stage, the fire source has a different combustion phenomenon. As shown in Figure 10(a) and Figure 11(a), 
there are “Oscillating fire” and “Ghosting flame” in the Scene A. The lasting time of “Oscillating fire” is shorter. 
Afterwards, it appears “Ghosting flame” flagging towards the opening direction. The lasting time is longer and it has 
smaller flame in air. As shown in Figure 10(b) and Figure 11(b), there are “Oscillating fire” and “Ghosting flame” in the 
Scene B. The lasting time of “Oscillating fire” is slightly longer than the Scene A. The later “Ghosting flame” also flags 
towards the opening direction. It has larger flame in air. As shown in Figure 10(c), the Scene C only appears “Oscillating 
fire” with smaller amplitude. 
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Fig.9. The Figure of Heat Release Rate Varying Time (a) Scene A (b) Scene B (c) Scene C 
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(a)  
(b)  
(c)  
Fig.10. “Oscillating fire” in Simulative Scenes (a) Scene A (b) Scene B (c) Scene C 
 
(a)  
(b)  
Fig.11. ĀGhosting flame” I in Simulative Scenes (a) Scene A (b) Scene B  
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3.2. Analysis of Oxygen Concentration Changing Principle 
As shown in Figure 12, six oxygen concentration measuring points under the bottom of the top horizontal opening 
varying time is shown in the following figures. It can be observed that except for amplitude, the changing principle of xi 
curves is basically consistent. It can prove that when outside cold air is replenished into the experimental box and cold air 
reaches the bottom of the experimental box, indicating that oxygen action area replenishing into the experimental box 
contains the bottom area of the entire vertical opening. The mean of six oxygen concentration measuring points is regarded 
as the oxygen concentration of the bottom opening area.  
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Fig.12. Six Oxygen Concentration Measuring Points under the Bottom Opening Varying Time 
The experiment acquires the changing chart of oxygen concentration varying time as shown in the Figure 13. In this 
paper, O1 refers to the oxygen concentration in the nearby fire source, and O2 stands for the oxygen concentration under the 
bottom area of the opening.  
In the scene A of 0-180s, the oxygen concentration in the nearby fire source and oxygen concentration under the bottom 
of the opening are reduced with the varying time. The O2 curve is rising suddenly at 180s, indicating that there is 
replenished gas at the opening to enter into the experimental box. After 225s, it starts vibrating up and down. O1 curve 
appears a sudden reduction in a shorter time at 225s. Afterwards, it has the tendency to return to the normal decreasing 
tendency. Later, it has no ups and downs phenomena any more. As a whole, O1 curve after mutation has been lower than O2 
curve, indicating that oxygen supply at the fire source is insufficient. The oxygen replenished into the box doesn’t diffuse to 
the nearby fire source to support for combustion, and fire source extinguishes gradually.  
The phenomenon in the Scene B and Scene C is relatively similar. This approaches to the heat release rate in the 3.1. At 
0-200s, the oxygen concentration in the nearby fire source and oxygen concentration under the bottom of the opening are 
reduced with the varying time. After 200s, two curves start vibrating up and down, indicating that there is more oxygen to 
start replenishing into the experimental box at the opening. As a whole, the vibration frequency of O1 curve and O2 curve is 
basically consistent. The value of O1 curve is slightly higher than O2 curve, indicating that oxygen replenishing into the box 
is mainly spread to the nearby fire source to support for combustion. The combustion situation of fire source is changed 
with the change of O1. 
By combing with 3.1, the paper thinks that the heat release rate and oxygen changing situation in nearby fire source is 
basically similar, indicating that oxygen quantity participating in combustion presents positive relation with heat release rate. 
With the increase of opening, the oxygen quantity replenished into the experimental box is increased from the perspective of 
oxygen quality. However, from the perspective of changing tendency, the relation between them is not large. The author 
thinks the changing tendency should depend on the combustion at the initial stage, namely the oxygen consumption speed in 
the experimental boxy. On the other hand, oxygen quantity that is replenished into the experimental boxy and really 
participates in the combustion is increased obviously with the increase of opening, indicating that the opening size affects 
the combustion situation at the later period directly.  
At the same time, from the perspective of quantization, it can be observed that when oxygen concentration O1 in the 
nearby fire source is reduced to 0.14, fire combustion starts to be unstable and appears “Oscillating fire” 
 
10   An-qi Chen et al. /  Procedia Engineering  135 ( 2016 )  1 – 11 
(a)
0 100 200 300 400
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
C 
(m
ol/
mo
l)
Time(s)
Ύ2
Ύ1
oscillate
(b)
0 100 200 300 400
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
C 
(m
ol/
mo
l)
Time(s)
Ύ1
Ύ2
oscillate
(c)
0 100 200 300 400
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
C 
(m
ol/
mo
l)
Time (s)
Ύ1
Ύ2
oscillate
 
Fig.13. The Figure of Oxygen Concentration Varying Time (a) Scene A (b) Scene B (c) Scene C 
3.3. Chapter Summary 
This chapter further reveals the essence of the gas flow principle at the top horizontal opening on the basis of Chapter 
Three. From the perspective of heat release rate, due to instability of heat release rate generated by oxygen deficit. There is 
“Oscillating fire”, which makes gas in the narrow space become swell-shrink repeatedly with the flame vibration, so as to 
generate pressure difference change at the opening in the Chapter three. By combining with analysis of oxygen 
concentration changing, it can be observed that when oxygen concentration around the fire source is lower than 0.14, flame 
starts to be unstable. This is the reason for generating “Oscillating fire”. 
The opening has a smaller influence on the heat release rate in the initial stage. In the later period of the experiment, with 
the increase of opening, the amplitude of heat release rate vibration is larger. Moreover, the vibration frequency of heat 
release rate is basically same to the oxygen concentration vibration frequency in the nearby fire source. Both of them 
present positive relation; with the larger opening size, oxygen replenished into the experimental box will be more. Moreover, 
oxygen that really participates in combustion will be more. 
4. Conclusions   
(1) Influences of the top horizontal opening size on the heat release rate  
In the initial stage of the experiment, its influence on the heat release rate is small. In the later periods of the experiment, 
with the increase of opening size and larger amplitude of heat release rate vibration, the frequency of heat release rate 
vibration is basically consistent with the frequency oxygen concentration changing at the nearby fire source.  
(2) Influence of the top horizontal opening size on the oxygen concentration 
With the increase of opening size, the amplitude of oxygen concentration changing under the bottom of opening is 
smaller, indicating that replenishment of outside cold air at larger opening is more stable, and oxygen quality replenished in 
the experimental box is increased. Meantime, oxygen quality replenished in the experimental box and participating in 
oxygen quality is increased obviously with the opening increase, indicating that opening size impacts the fire source 
combustion in the later period of the experiment directly. 
 After fire develops for a while, when oxygen concentration around the fire source is 0.14, due to oxygen deficit, it 
results in instability of heat release rate and appears “Oscillating fire” and “Ghosting flame”. 
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